Touch, hearing, and blood pressure control require mechanically-gated ion channels that convert 51 mechanical stimuli into electrical currents. Piezo1 and Piezo2 were recently identified as essential 52 eukaryotic mechanically-gated ion channels, yet how they respond to physical forces remains poorly 53 understood. Here we use a multi-disciplinary approach to interrogate the interaction of Piezo1 with 54 its lipid environment. We show that individual Piezo1 channels induce significant local curvature in 55 the membrane that is magnified in a cooperative manner to generate larger curved 'Piezo1 pits.' 56
To probe the local interactions of Piezo1 with surrounding lipids, we made use of coarse-grain 144 molecular dynamics (CG-MD) simulations, an efficient tool to study the molecular details of protein 145 induced membrane deformations (Ingolfsson et al., 2016) . To closely mimic the composition of 146 mammalian membranes, we simulated Piezo1 inside a complex asymmetric in silico bilayer 147 containing more than 60 different lipid types (Ingolfsson et al., 2014) . During each of three replicate 148 30 μs simulations of a 'full-length' construct of Piezo1, the membrane rapidly curves around the 149 protein ( Figure 1B,C ). This protein model contains all regions of the protein resolved in the recent 150 cryo-EM structures (pore, cap and beam domains plus six of the nine four-helical repeats that make 151 up the propellers -see Figure 1A ). The simulations begin with a flat bilayer, but the curvature 152 develops rapidly, starting from the first frame of the simulation and stabilising within 1 μs. (Figure  153 S1, top). This local curvature is maintained throughout the simulation, as indicated in Figure 1E , 154 which shows the average height of each leaflet as a function of the distance from the centre of the 155 protein over the last 10 μs of the 30 μs simulation. The large degree of membrane curvature is 156 contained locally around Piezo1, and does not extend much beyond the ends of the propeller domains. 157 This finding is corroborated by plotting the average height of the membrane as viewed from the 158 extracellular space (inset of Figure 1E ), which shows a very large degree of membrane curvature 159 close to the protein. The curvature induced by Piezo1 is far greater than any previously simulated 160 integral membrane protein (Corradi et al., 2018) . 161
While the lipid bilayer undulates throughout the simulation, the curvature seen is not due to 162 the chosen setup, nor the inherently asymmetric lipid composition of the bilayer: it is due to Piezo1's 163 propeller domains. This is demonstrated by three replicate simulations of a protein model lacking the 164 propeller domains (Piezo1 -propellers), in which the membrane remains flat, even close to the protein 165 ( Figure 1D , F, S1). This reduced protein construct contains the pore domain and only one of the nine 166 four-helical repeats in the propeller domains. Previous work suggests that a covalent link between the 167 N and C terminal halves of Piezo1 is not necessary for mechanical gating of Piezo1 (Bae et al., 2016) , 168 but both halves have to be present. This is a finding we have replicated in Piezo1 KO cells, suggesting 169 the importance of the propellers for mechanosensation. Interestingly, the thickness of the bilayer 170 differs from that in bulk near the propeller domains ( Figure S2 ). This is not seen in simulations 171 without the propeller domains, reinforcing the idea that Piezo1 affects its local lipid membrane 172 environment, predominantly via the propeller domains. 173
To compare the magnitude of curvature seen in our simulations with experimental 174 observations, we first determine how the membrane curves along the surface of each single propeller 175 domain as shown in Figure 1B . Here it can be seen that both the upper and lower leaflets follow the 176 shape of each propeller domain, with the angle of the beam relative to the pore axis largely dictating 177 the magnitude of curvature. In the cryo-EM structure obtained in a detergent micelle, Guo and 178 Mackinnon calculate this angle to be ~60° (where 90° represents flat propellers). In our simulations, 179 this angle fluctuates between 50 and 65 degrees ( Figure S3 ), in excellent agreement with the structural 180 data. Guo and Mackinnon also proposed dimensions of the membrane curvature seen in their 181 structure, based on the dome shaped deformation of the micelle surrounding Piezo1. The depth and 182 radius of curvature of the dome is estimated as 60Å and 90Å, respectively. The depth is very similar 183 to that seen in our simulations, where the difference between the average z coordinate of the bulk 184 lipid and the average z coordinate of the lipid nearest the protein is almost exactly 60 Å (SI Figure  185 3B). The radius of curvature was determined using the second derivative of the average z coordinate, 186 or concavity ( Figure S3B ), and yields approximately 122Å. While the radius of curvature in the 187 simulations is larger than that seen in the micelle, it matches the curvature seen in a liposome 188 (~110Å), and can be overlaid closely upon the distorted liposome EM image of Guo and 189 Mackinnon (Guo and MacKinnon, 2017) . The dimensions of the curved footprint are expected to be 190 larger in a bilayer than seen in the micelle or liposome (Haselwandter and MacKinnon, 2018). 191 Interestingly, the curvature is not generated by the amphipathic helices in the propeller domains. 192
Simulations in which these are deleted show greater flexibility in the protein and more membrane 193 curvature ( Figure S4 ). Notably, simulations under lateral membrane tension show a reduction in the 194 membrane curvature in each of three repeat simulations. ( Figure 1G ). This is consistent with the 195 hypothesis that force detection by Piezo1 can involve sensing changes to local membrane curvature. 196
The curvature changes are greatest at low tension values, suggesting that sensitive detection of small 197 forces may be enabled by this mechanism. 198 199 200 Piezo1 induces curvature in situ in an intact cellular environment 201 202
The next question we aimed to address is whether the curvature seen in our simulations and 203 in vitro in simplified liposomal membranes by Guo and Mackinnon is a realistic depiction of what 204 occurs in cells. In order to do this, we used both fluorescence and an electron microscopy (EM) 205 involving the plant derived ascorbate peroxidase, APEX2 ( Figure 2 ). This technique has previously 206 been used to interrogate the localization and morphology of other curved membrane structures, most 207 notably caveolae (Ariotti et al., 2015) . Specifically, it provides high fidelity localization within the 208 depth of the sample (unlike 'on-section labeling) in combination with nanometer resolution. Here, we 209 used two strategies to localize Piezo1. We first used GFP and mCherry-fused Piezo1 that have been 210 previously characterized (Figure 2A , left), including stable HEK293T lines expressing these proteins 211 (Cox et al., 2016; Maneshi et al., 2018) . We noticed two striking features: 1) tortuous structures in 212 the ER and other intracellular membranes ( Figure 2E ) and 2) membrane "pits" highly enriched in 213 Piezo1 ( Figure 2F ). In order to ensure these were Piezo1 dependent, and to increase fidelity further, 214
we generated a Piezo1-1591-APEX2 fusion protein (Figure 2A , right) which functioned similar to 215 WT, including retaining sensitivity to the small molecule agonist Yoda-1 ( Figure 2B ,C,D). Both the 216 APEX2 fusions and GFP fusions show the same behaviour in EM micrographs when transiently 217 expressed in HEK293T Piezo1 KO cells. The tortuous structures in the ER are particularly noticeable 218 but are likely an artefact of over expression. Nevertheless, they provide evidence that Piezo1 in a 219 cellular environment can generate profound curvature and bend biological membranes. The Piezo1 220 enriched membrane pits are between 90-150 nm in diameter, which is considerably larger than the 221 curvature induced by an individual protein (d = ~20-25 nm). The membrane pits are significantly 222 larger than caveolae (Richter et al., 2008) but exhibit some morphological similarities (e.g. like 223 caveolae they can also be observed in chains ( Figure 2G) ). In order to examine their possible 224 relationship to caveolae we expressed Piezo1 in caveolin-1 null mouse embryonic fibroblasts that 225 completely lack caveolae (Kirkham et al., 2008) . Piezo1 assocaited with morpholically identical 226 surface pits in cells lacking caveolae. In addition, Piezo1 associated with complex internal curved 227 structures ( Figure 2H 
250
Piezo1 forms functionally important, localised interactions with specific lipids. 252
In addition to the local curvature and thickening of the bilayer induced by Piezo1, the CG-MD 253 simulations reveal enrichment and depletion of specific lipids around the protein, suggesting a clear 254 preference for the protein to interact with some lipids over others (denoted lipid fingerprints (Corradi 255 et al., 2018) ). Some lipid types are highly enriched around the protein, in particular glycolipids, 256 phosphatidylinositolphosphates (PIPs), and diacylglycerols (DAGs); while some lipids, most notably 257 sphingomyelin (SM), are strongly depleted. This can be inferred from the Depletion/Enrichment 258 (D/E) index calculated for each lipid group for each leaflet ( Figure 3A ), as well as by density plots of 259 specific lipids around the protein ( Figure 3B ) and the residue-lipid contact maps ( Figure S5 and S6). 260
The lipid fingerprint of Piezo1 is similar to that observed for other membrane proteins (Corradi et al., 261 2018), including the relative higher occupancy of polyunsaturated lipids compared to saturated ones. 262
As seen in Figures A lipid class of particular interest is PIPs, which includes not only the aforementioned PIP2, but also 268 a range of other PI-monophosphates, PI-diphosophates and PI-triphosphates (noting that CG-MD 269 does not distinguish within these categories). PIPs (especially the di-and tri-phosphate species) are 270 not only highly enriched around the protein (inset to Figure 3A ) but can be seen to form high-density 271 regions around both the pore domain and propellers ( Figure 3B ). The clustering of PIPs to specific 272 sites is also evident by looking at selected snapshots, as depicted in Figure 1B 4A. To quantify this further, we calculate which residues of the protein most frequently interact with 274
PIPs, and map this on to the protein structure in Figure 4A . Among many specific protein-lipid 275 interactions identified, an intriguing binding site for PIPs was determined around the pore domain, 276
shown on the right in Figure 4A . There is a noticeable patch of four lysines, K2166-K2169 (human 277 sequence numbering), right before helix 37, which is highly conserved in Piezo1 channel homologues 278 ( Figure 4B ). These lysines, along with some adjacent lysines (K2096-K2097, and K2163), were 279 identified to consistently interact with PIPs (most notably di-phosphate species, Fig S7) , as seen by 280 the constancy of protein-PIP contacts at these sites ( Figure 4C ). To test the importance of this site, 281
we removed this string of four lysines (Δ4K mutant), as this variant had been noted to cause 282 xerocytosis (Albuisson et al., 2013) . Patch clamp electrophysiology in the cell-attached configuration 283
show that this mutation reduces channel inactivation significantly. Using large cell-attached patches 284 with 'mesoscopic' currents arising from multiple channels, it was not possible to measure the 285 inactivation rate because the non-inactivating phenotype was so severe ( Figure 4D ,F), although the 286 pressure sensitivity of the mutant was unchanged from WT ( Figure 4E ). As previously described (Bae 287 et al., 2013), we measured the degree of steady state current, which clearly quantifies the marked 288 difference with WT ( Figure 4G ). We also used depolarising voltages to compare deactivation, and 289 again deactivation of the Δ4K mutant was slower than WT ( Figure 4H 
331
Previous work suggested R2119 is essential and may interact with negatively charged lipids 332 (Saotome et al., 2018) . However, we did not see any negatively charged lipids interacting with this 333 residue. We do, however, see a salt bridge between R2119 and E2140 that is present most of the time 334 in all three monomers, and in all three replicates ( Figure S8 ). This salt bridge may be the reason for 335 the need for arginine at this position. 336
Since cholesterol is present as 30% of the membrane fraction in our CG-MD simulations, 337 there are naturally a large number of residues on Piezo1 that interact with cholesterol ( Figure S5 ). 338
However, there are certain places on the structure of Piezo1 where cholesterol is found most 339 frequently ( Figure 5A ) that may help understand the importance of cholesterol to Piezo1 function. 340
We searched for cholesterol recognition motifs (termed CRAC and CARC) ( (Table  343   S2 ). Previous crosslinking studies showed an interaction of cholesterol with four residues (LVPF), showing that there is little difference between these mutants and WT. Data are means +/-S.E.M * represents 373 p<0.01.
375

Bidirectional feedback between Piezo1 and membrane lipids 376
We have already shown that Piezo1 locally distorts the membrane and interacts with specific lipid 377 types. Given that lipids affect Piezo1 activity, it is possible that there is bidirectional feedback 378 between the expression of Piezo1 and lipids. To probe this question, we used array-based 379 transcriptomics to identify lipid-regulating proteins that were differentially expressed in the presence 380 or absence of Piezo1. We compared the expression of lipid-regulating proteins in Piezo1 KO 381 HEK293T cells with two over expressing lines, each with a graded increase in Piezo1 expression ( Fig  382   6A ). There is a large change in a number of genes associated with lipid regulation (Fig 6B-C) . The Fig 6C) . We 389 confirmed this differential expression using qPCR (Fig 6C,D) . FAAH2 and NAAA are ubiquitous 390 enzymes that break down N-acylethanolamines of different types, and have a differential localization 391 and preference for NAEs (Tsuboi et al., 2005) . The fact that the NAE-digesting enzymes This enzyme acts to introduce double bonds at carbon 6 in fatty acid chains, and is particularly 400 important in the synthesis of polyunsaturated fatty acids. Other lipid regulating enzymes differentially 401 regulated in response to Piezo1 are shown in Fig 6C.  402 Finally, we sought to address whether these changes in lipid regulating enzymes culminated 403 in Piezo1-dependent changes in the whole cell lipidome. The HEK293T KO and OE2 (overexpressor 404 2) cell lines were found to have significant differences in their lipidomic profiles (by Student's t-test) 405 in both positive and negative ionisation mode. Three different analysis methods showed many 406 thousands of lipid components to have changed between the two cell lines (see STAR methods), 407 however only those that could be identified with the highest level of assurance are discussed below. 408
Multivariate analysis of XCMS-processed data using principal component analysis shows a 409 clear separation between the two cell lines for both ionisation mode datasets ( Fig 6G-H) , which are 410 further resolved by using a supervised method (orthogonal partial least squares-discriminant analysis; 411 OPLS-DA) to partition the variance into predictive and orthogonal (unrelated) components (Fig S9,  412 A-B). Both OPLS-DA models were validated via permutation (x 100), with permutation plots 413
showing the requisite predictive failure of randomly permuted models (Fig S9 C-D) . The cell line-414 dependent changes observed in the lipidome summarised in Fig 6I and detailed in Table 1 show that saturated fatty acids increase membrane bending stiffness and inhibit Piezo1, while 419 polyunsaturated fatty acids can decrease membrane stiffness and modulate inactivation (Romero et 420 al., 2019) . Our simulations show that polyunsaturated lipids accumulate near Piezo1 (Fig 3A, 6F) , 421 presumably to aid in generating membrane curvature. The trend toward more saturation in cells 422 overexpressing Piezo1 may represent an attempt to reduce Piezo1 activity, although the picture is 423 clearly nuanced with a variety of changes in lipid saturation. The over-expressing cell line also 424 exhibited increased abundance in several plasmenyl/plasmanyl PE lipids, as well as a cholesteryl 425 ester. Plasmenyl lipids contain a vinyl ether and have previously been shown to modify and stabilise 426 cellular structures of profound negative curvature such as caveolae and clathrin coated pits (Thai et 427 al., 2001) . Furthermore, an increase in cholesteryl ester fits with the corresponding rise measured in 428 ACAT2, an enzyme which catalyses the conversion of cholesterol to its corresponding esters. 429 430 431 
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450
Discussion 451
Piezo1 induces significant local curvature in complex mammalian bilayers mediated via its 452 propeller domains 453
Here we have used a multi-disciplinary approach to interrogate the interaction of Piezo1 with its 454 annular lipids and its propensity to induce local curvature in silico and in situ. by Piezo1 likely requires strong protein-lipid interactions to anchor the bilayer around the curved 493 shape of Piezo1. More work is required to determine if the binding sites seen for specific lipid types 494 are essential for curving the shape of the membrane. 495
Piezo1 changes in the cellular lipidome 496
We also go one step further and show that Piezo1 causes changes in a host cell's lipid synthesizing 497 and metabolizing enzymes (e.g. NAAA1, FAAH2, ACAT2, FADS2 etc) and a corresponding change 498 in the cellular lipidome. Given the profound changes in membrane shape that we see on 499 overexpression using EM, and the recruitment of specific lipids seen in the simulations, it is 500 unsurprising that the cell responds with modification of membrane lipid constituents. Such changes 501 in the lipidome may act to tune Piezo1 activity or to stabilise membrane structures. Future work 502 should aim at recapitulating these changes at physiologically relevant Piezo1 levels and deciphering 503 whether Piezo1 mutations may differentially affect the local lipidome and in turn influence 504 physiology and pathology. 505 506 Acknowledgements 507
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Molecular Dynamics Simulations 548
Structural Modelling 549
The structure of mPiezo1 (PDB ID 6B3R(Guo and MacKinnon, 2017)) was downloaded from the 550 Protein Data Bank (https://www.rcsb.org). As some of the smaller loops were not resolved, these 551 were built in using the program MODELLER (Fiser and Sali, 2003). Any large unstructured loops 552 were not modelled. In addition, the sequence of the unresolved loops of mPiezo1 was run through 553 PsiPred (http://bioinf.cs.ucl.ac.uk/psipred/). This determined that there is likely another amphipathic 554 region before helix 33, in addition to the structurally resolved amphipathic helix. This helix was 555 modelled into both structures using MODELLER(Fiser and Sali, 2003). The 'full-length' model 556 starts from L577 and omits the following large extracellular loops: E718-D781, R1366-S1492, 557 S1579-I1656, A1808-V1904. Supplementary Table 1 for the exact lipid composition), solvated with coarse-grain waters, 577 neutralised and ionized with 0.15M NaCl. The size of the Piezo1-no propellers system is 50nm x 578 50nm x 25nm, which totals ~500,000 coarse-grain particles. The size of the 'full-length' system is 579 60nm x 60nm x 25nm, which totals ~ 710,000 coarse-grain particles. Both systems were then energy 580 minimized using the steepest descent method for 5000 steps. After this initial minimization, position 581 restrained -NVT was run for 1ps to remove possible high-energy interactions. Following this, three 582 position-restrained -NPT equilibration steps were run for 5000 steps each, with 5fs, 10fs and 20fs 583 timesteps respectively. Next, two initial NPT simulations were run for 1ps each, with a 20fs timestep. 584
Finally, production runs for each system were run for 30μs in total. To allow the systems to 585 equilibrate, all analysis was done using the last 10μs of the 'full-length' system and the last 15μs of 586 the system lacking propeller domains. 587 588 For the mutation simulations, specifically R808Q and K2097E, the last frame of the first replicate of 589 the 'full-length' wild-type simulation was manually mutated. As the mutations R808Q and K2097E 590 involve removing one coarse-grain side chain bead, we manually deleted this bead and changed the 591 name of the side chain. We then re-neutralised this structure and simulated each system for 10μs. 592
For the Δ4K simulation, a new model was created using the 'full-length' structure as a template, but 593 was built without K2166-K2169. This was simulated for 30μs, with the last 10μs of the simulation 594 used for subsequent analysis. 595
596
Simulations under lateral tension were conducted by taking the last frame from each of the 30µs 597 replicates, and applying tension using this starting point. With the exception of pressure, all inputs 598 for these simulations are the same as above. In each of three repeat simulations, the lateral tension 599 was increased in steps of -10 mMHg, with each step lasting 5 µs. Piezo1-1591-APEX2 expressing cells were loaded with Fura-2 (2 µM) in HEPES buffered Tyrodes 635 solution with 1.5 mM CaCl2 for 30 minutes at room temperature. Imaging was carried out using a 636 Nikon Tie2 microscope using a 20x objective illuminated with a COOLED p340 light source and 637 analyzed using the advanced version of NIS elements (Nikon). 638
Microarray and qPCR 639
Total RNA was isolated from HEK293T cell lines using a standard Chloroform/Propanol/Ethanol 640 precipitation protocol. Clariom D arrays were processed at the Ramaciotti Centre, University of 641 New South Wales. The differentially expressed genes were determined using Affymetrix The mobile phase flow rate was 0.5 ml/min, the column temperature was maintained at 60°C, the 729 autosampler temperature was maintained at 4 °C and an injection volume of 2 µL was used for 730 analysis in positive ionisation mode and 5 µL was used for analysis in negative ionisation mode. The 731 mass spectrometer was operated using information dependent acquisition (IDA) in either positive or 732 negative electrospray ionisation mode using the following parameters: curtain gas = 25; ion source 733 gas 1 = 50 psi; ion source gas 2 = 60 psi; temperature = 500 °C; ion spray voltage floating = 5.5 kV 734 
